atmosphere. Biomass transportation on long distances implies extra costs, energy consumption, material loss and complex logistics [15] . It is therefore important to minimize the transport distance and thus facilitate the establishment of short chains [16] . The aim of this study was to analyze the economic and energetic sustainability of a wood-energy chain, where the biomass to feed the heating system was self-produced at a farm in Central Italy.
Materials and Methods
In March 2005, a SRC poplar plantation was established over a 4 ha area within the farm of the Agricultural Engineering Research Unit at the Agriculture Research Council (CRA-ING) (Lat. 42°06'07" N, Long. 12°37'39" E). The site was located on a flat terrain. The soil was clay loam texture and low level of organic matter, nitrogen and phosphorus. Three clones were used: AF2, AF6 and Monviso [17, 18] . A transplant machine activated by a 73 kW power tractor, able to operate on single-row and twin-rows, was used to plant the poplar cuttings. This field was separated into two plots of about 2 ha each: One plot was single-row and the other plot was twin-rows. The distance between the rows (either single or twin) was 2.80 m; the distance between the rows forming the twin was 0.75 m. The cuttings were planted along the row with a spacing of 0.50 m. The effective density of the plantation for the single and twin-rows was 7,140 and 10,360 cuttings·ha −1 , respectively. Since the establishment, the growth of the plantation was monitored by measuring the Diameter at Breast Height (DBH) and the height of all the trees in 30 permanent sampling areas, being representative of the entire area. In particular, 18 sampling areas (six for each clone) of 67 m 2 were selected for the single-row plantation and 12 sampling areas (four for each clone) of 57 m 2 were selected for the twin-rows plantation. In the two years following the plantation establishment, the number of sprouts for each stump, wood moisture, bulk density and High Heating Value (HHV) were determined for each of the three clones. Three woody samples were taken from 30 sprouts, randomly selected, for every clone (one at ground level, one at mid-height and one close to the top). After felling, woody samples (5 cm length) were immediately weighed by a scale (Orma model BC16D) and transferred to the laboratory for moisture and wood density determination by using the thermo-gravimetric method (UNI ISO 1985; UNI 1987; UNI EN 2003). Analysis of variance (ANOVA test) was applied to moisture and wood density data. Then, the woody samples were chipped and processed, according to the European Standard UNI EN 14918:2010 "Solid biofuels-Method for the determination of calorific value", for determining the higher heating value. A sub-sample of 100 g was ground with an Ika Werke MF10B rotating-blade mill equipped with a 0.7 mm sieve, then 1 g of wood dust was selected and compressed into pellets by a Parr manual press. The pellet was burned in a Parr 6200 adiabatic bomb calorimeter. Analysis of variance (ANOVA test) was applied to moisture and wood density data while HHV data were processed using the non-parametric Kruskal-Wallis test [19, 20] .
On December 2007 the plantation was harvested. For each plot and clone, the curves to determine the height (hypsometric) and the fresh weight as a function of DBH were determined. The hypsometric curves were obtained from 84 observations, while 30 observations were used to determine the fresh weight curves; the two equation models were respectively: YH = a + bx -cx 2 (1) and:
where YH represents the height (m), YW represents the fresh weight (kg), x represents the DBH (cm), and z is for single rows: AF2 = 1.9417, for AF6 = 2.2471, Monviso = 2.5201; and for twin rows: AF2 = 2.0125, for AF6 = 2.1929, Monviso = 1.8445.
Economic Analysis
The economic analysis focused on the evaluation of the sustainability of the SRC plantation and on the whole self-consumption wood-energy micro-chain, comparing two heating systems based on wood chip fuel and diesel fuel, respectively. The adopted method was Life-Cycle Cost Analysis (LCCA) [12, [21] [22] [23] [24] .
The length of the period for assessing the performance of two systems was 10 years, indicated as the life period of the Institute's heating plant. The economic analysis started from the year of initial investment to purchase the heating power plant. For the long-term period, the analysis was conducted using financial formulas based on the Net Present Value (NPV) method [22, [25] [26] [27] . NPV criterion is defined as a sum of present values of annual net incomes earned over the period. In this case, only the costs were considered, for which the parameter calculated was the Present Value of Costs (PVC). The formula is: 1
where: Ct = total annual costs at the year t; r = real discounted rate (equal to 3%); t = year (variable from 1 to 10); P = initial investment cost. Moreover, based on the PVC, the equivalent annuity method was adopted to calculate the equivalent annual cost (EAC), according to the following formula:
where: PVC = Present Value of Costs; t = years (variable from 1 to 10); r = real discount rate (equal to 3%). For the wood chip heating system, the initial cost of the heating plant, the annual plant operating costs and the cost of planting, management, harvesting and chipping of the SRC plantation were considered. A productive cycle of 10 years was hypothesized, considering five biannual harvests, even if a cycle of twelve or fourteen years is likely.
The power heating design and logistic provide a technical life of the plant of 10 years. In these 10 years of operation a constant supply of biomass must be delivered. This is possible by managing the plantation in two batches whose planting year differs by one year (Figure 1 ). This scheme was also the basis to show the cash flow of costs to evaluate the PVC and EAC of the plantation and management of the thermal power plant. Figure 1 foresees the establishment of two plantations of equal surface area. To ensure immediate activation of the heating system, it is necessary that the biomass obtained from a two year-old plantation is available. With the biomass necessary to feed the heating plant being hypothesized as constant, the annual biomass requirement derives from the alternate harvesting of the two SRC plantations. In this way it is possible to produce wood chips (in spring) 6-8 months before the heating plant seasonal start (in autumn), when the wood chips have lost moisture and are more suitable for burning in the boiler.
For the economic analysis, the costs of the two years before the start of the evaluation period were cumulated using the following multiplicative factor (f):
where: r = real discount rate (equal to 3%); z = year (variable from 0 to 2). The biomass production was considered as constant for all the harvests and equal to the average production actually obtained by the experimental plantation at the first harvest. The SRC plantation surface needed for the total wood chip supply was estimated by the above-mentioned production and in relation to the annual average requirement of thermal energy. In addition, an average loss of 10% of raw material was considered due to the storage of the stacked trees before their use in the thermal power plant.
All the sustained actual costs during the first three years (observed data) and the estimated costs for the years until the end of the productive cycle, were considered. At the end of the productive cycle (after five harvests at year 10), the costs of stump grinding and ground restoration for agricultural use were added [28] . The costs of plantation (deep scarification, ploughing, fertilization, harrowing, purchase cuttings and mechanized transplantation) and management (chemical weeding post-planting, nitrogen fertilization, hoeing, irrigation, harvesting and ground restoration) over the whole period of 10 years, were reported according to [18] . The costs were calculated as the average between the single-and the twin-row typology of plantation. For the economic analysis, in addition to the operating costs, an annual cost of land use equal to € 500 was considered. This value represents the average of market values deduced from rent contracts of similar typology of land in Central Italy [29] .
The analysis was conducted considering constant prices throughout the whole period. The analysis of machine costs was carried out using an analytic methodology [30] . Finally, a sensitivity analysis was conducted to assess the effect of a change in fuel cost (diesel and wood chip) on the PVC value for two heating systems.
Results

The Plantation
The ANOVA test showed a significant difference in wood density among the clones (p-value < 0.0001); Tukey's post-hoc test highlighted three groups: Clone AF2, 280.19 ± 4.14 kgDM·m . Within each clone, the differences among the sample position (base, middle and top) were not significant (p-value = 0.075).
The average moisture content for AF2, AF6 and Monviso clones at single-row were 51.6%, 52.7% and 53.4%, respectively, and at twin-rows were 53.3% 53.4% and 53.9%, respectively. No significant differences were noted (p-value = 0.168). Table 1 reports the equations to determine height (m) and weight (kg) in relation to DBH for each clone and plantation typology (single and twin-rows).
The fresh mass per hectare was calculated from the equations reported in Table 1 . In detail, for every clone and plantation system, the fresh weight of the sprout with average DBH has been multiplied by the average number of sprouts per hectare (Table 2) From the fresh mass data, with the results of moisture analysis and wood density, the dry biomass per hectare was estimated for each clone within each plantation typology (Figure 2) . The results of the 4 ha examined, highlighted an average dry matter production of 10.2 Mg·ha ). Figure 2 also shows the variation of the production, over the first three years of activity, for the three clones in the two plantation typologies. The highest values of average diameter, height and fresh weight of each clone, was observed in the twin-rows plot. ) of clones AF2, AF6 and Monviso, planted at single-and twin-rows, during three growing seasons (R = roots, S = stem, R1F1 = first year, R2F1 = second year, R3F2 = third year).
In the twin-rows, the AF6 clone showed the largest diameter (3.00 cm), while AF2 and Monviso showed an average value of 2.98 cm and 2.84 cm, respectively. In the single-row, the average value of DBH for AF6, AF2 and Monviso were 2.29 cm, 2.42 cm and 2.48 cm, respectively. The average height for the single-row plot was equal to 4.42 m (ranging between 4.21 and 4.71 m), while for the twin-rows plot it was higher (+22.6%) with a value of 5.42 (ranging between 5.32 and 5.58 m). The average sprout mass for the twin-rows was 2.12 kg (ranging between 1.97 and 2.31 kg), while for the single-row it was 1.28 kg (ranging between 1.24 and 1.34 kg).
Economic Aspects
The evaluation referred to the maximum thermal demand of the CRA-ING buildings during a service period equal to 1500 h·year . The amount of wood chips needed for the annual management of the heating system and other elements used in the economic assessment are shown in Tables 3 and 4 . The initial investment cost and the annual management costs of the two heating systems are reported in Tables 5 and 6 . The cost of self-produced wood chips is not reported in Table 4 because its value derives from the management costs of the SRC poplar plantation and is included in the economic evaluation of the wood chip production during the whole cycle of 10 years. 2nd, 4th, 6th, 8th, 10th year) 170.00 Plantation management cost (3rd, 5th, 7th, 9th year) 265.00 Harvesting and chipping cost (2nd, 4th, 6th, 8th, 10th year) 747.50 Stump grinding (cycle end, 10th year) 300.00 Benefit land (from 1st to 10th year) 500.00 (*) The wood chips cost is determined in relationship with the production costs of the SRF plantation.
The results of the financial calculations are reported in Figures 3-6 . Figure 3 shows the variation of PVC during the period. The value was higher for diesel (D) than for wood-chip (C) from the fourth year on, and the total difference, considering the whole period, is equal to € 156,703.28. Figure 4 reports the EAC value and the saving of C with respect to D. The average annual saving amounts to € 18,370.41 considering the whole period. ) of the wood chips system and the diesel system, during the considered period. The differences between the two systems (C = wood chips heating system; D = Diesel heating system) was reported (saving of C vs. D). Figure 6 . Sensitivity analysis related to the variation of the PVC of the two heating systems (C = wood chips heating system; D = Diesel heating system), in relationship with the variation percentage of the gas-oil price and wood chips production cost. Figure 5 shows the comparison between the wood-chip system and the diesel system, referring to the same thermal energy power yield (186 kW), for the production of 1 GJ of thermal energy. Considering the whole period, self-consumption wood-energy is economically more advantageous than the diesel system with an average production difference of 15.60 €·GJ −1 . A sensitivity analysis was carried out in relationship with the diesel price variation and wood chip production costs. This analysis underlines that, over the period of 10 years, the diesel heating system was economically advantageous when the reduction in the diesel price was more than 60% with respect to the actual market level (Figure 6 ).
Energy Aspects
For the energy output, in terms of HHV the differences among clones were not-significant (p-value = 0.325). For this reason, the HHV value considered was 20.45 MJ·kg −1 DM (Table 7) . The direct input (Table 8) , considering the whole plantation life (10 years) was 118 GJ·ha ). The energy budget, referring to the plantation management, showed a good output/input index (12. 3), with a total demand for human labor to 593.1 h·ha
. The energy budget, in terms of the whole self-consumption micro-chain, considered the energetic inputs of boiler in the total productive cycle (10 years) ( Table 9) , showed an output/input index equal to 6.7. 
Discussion and Conclusions
Although the concept of forest sustainability has a long tradition [31] , the notion of sustainable forest and plantation management has shifted from sustained wood yield and steady forest cover to increasing diversity of goods, benefits and ecosystem values demanded by society [32] . This approach developed from the concept of sustainable development (from the Rio de Janeiro Conference held in 1992) which had been presented in a three dimensional aspects-i.e., Economic, Environmental and Social. Both forests and wood plantations have been added to the international agenda because of concerns about the sustainable use of forest ecosystems, e.g., regarding biodiversity and its economic and social contribution to the development of local communities [33] . This work contributes to this issue demonstrating the economic and energetic sustainability of a self-consumption wood-plantation energy micro-chain in a local research community.
The results highlighted the economic and energetic sustainability of the self-consumption wood-energy micro-chain during the considered life cycle of a poplar SRC (10 years), with biannual cycle and constant biomass production of 10.2 Mg·ha . In terms of produced SRC biomass, we obtained lower values when compared with the ones obtained in similar works in Italy [34, 35] .
From an economic point of view, the analysis emphasized that the wood chip heating system had advantages with respect to the diesel heating system. The estimated saving using the thermal energy produced was 56.7 €·MWh , referring to a net annual thermal energy produced of 279 MWh. The economic analysis was conducted using the constant prices method [22, 24, 26, 27] , and did not include the annual changes in energetic costs factors such as wage or oil price. This latter, particularly in Italy, are very variable because strongly influenced by government taxes [27] .
From the energetic point of view, the output/input ratio agreed with that found in similar work in Italy [26] . Considering the whole self-consumption micro-chain, only one energetic unit was consumed per every 6.7 energetic units of production. This result cannot be obtained by the use of fossil fuels [9] . The use of wood biomass in a self-consumption micro-chain model may be a valid alternative to the conventional heating systems. as demonstrated in this case study.
